Objective To investigate whether the early glycemic profile in infants with hypoxic ischemic encephalopathy is associated with distinct patterns of brain injury on magnetic resonance imaging (MRI).
M
oderate induced hypothermia treatment has improved survival without disability among infants with hypoxic ischemic encephalopathy (HIE), yet many treated infants still die or suffer from severe neurodevelopmental and cognitive impairment. [1] [2] [3] [4] It is likely that the heterogeneous mechanisms of HIE as well as chronicity, timing, and severity contribute to this variable response to hypothermia. 5 The identification of early biomarkers of brain injury might provide insight into the specific etiology and underlying pathophysiology and may help to guide individualized neuroprotective interventions to optimize outcomes.
Glucose is the primary substrate for energy metabolism in the newborn brain, and deranged postnatal glucose homeostasis may be either a biomarker or contributor for neuronal injury in infants with HIE. [6] [7] [8] [9] [10] [11] [12] In the CoolCap Study, both hypoglycemia and hyperglycemia were associated with a greater risk of an unfavorable outcome. [10] [11] [12] Early glycemic profiles have been related to clinical phenotypes of multiorgan dysfunction and responsiveness to hypothermia and may be associated with patterns of brain injury. 11 Distinct patterns of brain injury on magnetic resonance imaging (MRI) in infants with HIE have been proposed to indicate underlying pathogenesis. 13, 14 For example, although severe hypoglycemia in the setting of neonatal encephalopathy has been associated with parieto-occipital and thalamic injury, it is uncertain if the early postnatal glycemic profile in infants with HIE is associated with distinct MRI brain injury patterns. 9 We hypothesized that early hypoglycemia in infants with HIE reflects depleted fetal glucose stores and inadequate gluconeogenesis from multiorgan injury owing to prolonged partial hypoxia-ischemia and would be associated with the watershed pattern of brain injury. Conversely, we hypothesized that early hyperglycemia reflects depressed cerebral glucose uptake in the setting of intact gluconeogenesis after an acute hypoxic-ischemic event and would be associated with the basal ganglia pattern of injury. Moreover, we expect that infants with normal blood glucose values HIE Hypoxic ischemic encephalopathy MRI Magnetic resonance imaging will have the least brain injury. We investigated our hypotheses in a prospectively enrolled cohort of infants with moderateto-severe HIE treated with whole body hypothermia.
Methods
We enrolled 179 infants with moderate-to-severe HIE who underwent therapeutic hypothermia between May 2008 and April 2016 at a level IV neonatal intensive care unit in a singlecenter, prospective, observational study evaluating biomarkers of brain injury. Inclusion criteria were based on modified National Institute of Child Health and Human Development criteria 15 for therapeutic hypothermia: gestational age ≥35 weeks, birth weight ≥1800 grams, metabolic acidosis or low 10-minute Apgar score, and moderate-to-severe encephalopathy on examination based on modified Sarnat criteria. 16 One infant with incomplete postnatal glucose data was excluded from this analysis. Twenty-seven infants died before brain MRI. We analyzed detailed glucose data from 178 infants and MRI data from 151 infants in the original prospective observational study in these secondary analyses. Infants were systemically cooled to 33.5°C for 72 hours (Blanketrol II, Cincinnati Sub-Zero, Cincinnati, Ohio).
Basal glucose infusion rates of 4 mg/kg/minute were provided to patients with HIE during the first 24 hours of therapeutic hypothermia per institutional protocol. Blood glucose levels were checked per protocol: on NICU admission, then hourly until stable (50-150 mg/dL) on 2 consecutive specimens, then every 4-6 hours during hypothermia, and as clinically indicated. Insulin was administered for sustained glucose concentrations of >200 mg/dL as per standard clinical care guidelines. All glucose concentrations obtained within the first 24 hours, including point-of-care glucometer and routine laboratory measured concentrations, were collected. The institutional review board approved the study and parental informed consent was obtained.
Classification of Early Glycemic Profile
Demographic and clinical data, including laboratory and clinical correlates of multiorgan function, glucose infusion rates during cooling, and death before discharge were retrieved from medical records. Infants were classified into 4 glycemic profile groups based on plasma glucose concentrations within the first 24 hours after birth: (1) hypoglycemia only (≥1 glucose concentration ≤47 mg/dL, ≤2.6 mmol/L), (2) hyperglycemia only (≥1 glucose concentration >150 mg/dL, >8.3 mmol/L), (3) normoglycemia (all glucose concentrations >47 to ≤150 mg/ dL, >2.6 to ≤8.3 mmol/L), and (4) labile glucose with both hypoglycemia and hyperglycemia ([≥1 glucose concentration ≤47 mg/dL, ≤2.6 mmol/L] and [≥1 concentration >150 mg/ dL, >8.3 mmol/L]).
MRI Patterns of Brain Injury
Postrewarming brain MRIs were performed on 151 infants per clinical protocol at a median age of 9 (IQR, 7-11) days on a 3T scanner (Discovery MR750, GE Healthcare, Milwaukee, Wisconsin). Standard anatomic sequences included 3D T1-weighted Spoiled Gradient Recalled, double acquisition axial FSE T2 proton density, axial T2 propeller (in cases of patient motion), axial T2-star weighted susceptibility imaging, coronal T1 fluid-attenuated inversion recovery propeller, and axial 30-direction diffusion tensor imaging with generation of apparent diffusion coefficient maps off-line. The MRIs were scored according to Barkovich 17 MRI scores were grouped into 3 categories for the purposes of statistical analysis as follows: (1) normal, (2) watershed (watershed > basal ganglia score) or focal/ multifocal strokes, and (3) basal ganglia (basal ganglia ≥ watershed) or total pattern (watershed = 5 and basal ganglia = 4). 18 The primary outcome was defined as the predominant pattern of brain injury on postrewarming MRI. Secondary analyses were performed including the infants who died before MRI as a fourth category.
Statistical Analyses
Demographic, obstetric, and neonatal factors were analyzed with descriptive statistics. Differences among the glycemic groups were assessed with chi-square for categorical variables and ANOVA for continuous variables. We used bivariate tests to identify differences in clinical covariates (with a threshold of P < .1) among glycemic groups and among MRI patterns of injury. We then used stepwise multinomial logit models to select covariates for the evaluation of multivariate association of glycemic group with MRI patterns of injury.
Covariates that retained significance (P < .05) were selected for inclusion in the final regression model. Model outputs included OR with 95% CIs for the association of glycemic groups and MRI pattern of brain injury with or without adjusting for the selected covariates. All hypothesis tests were 2 sided and statistical significance for the final models was assessed at the .05 level. All statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary, North Carolina).
Results

Early Glycemic Profile and Baseline Characteristics
During the first 24 hours, 34.8% of infants (62 of 178) with moderate-to-severe HIE were normoglycemic and 65.1% of infants (116 of 178) had ≥1 abnormal glucose concentration. Demographic and perinatal data stratified by 24-hour glucose profiles are shown in Table I . Infants with normal blood glucose values had higher Apgar scores at 5 and 10 minutes and less need for resuscitation in the delivery room compared with infants with hypoglycemia and hyperglycemia. Severity of encephalopathy by Sarnat stage and frequency of electrographic seizures were lowest among normoglycemic infants.
Indicators of multiorgan dysfunction are summarized in Table II . Infants with hypoglycemia had more biochemical and hematologic laboratory abnormalities compared with infants with normoglycemia and hyperglycemia. Glucose concentration ranges differed among the glycemic profile groups. The THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 203 • December 2018 average first 24-hour glucose infusion rates were higher among infants with hypoglycemia but not statistically different among the glycemic groups. Also, insulin administration during hypothermia was more common among infants with any hyperglycemia. Among the 33 infants who received insulin for hyperglycemia, 3 infants developed hypoglycemia within first 24 hours and were classified in the labile glucose group. Gestational age, race, maternal diabetes, Sarnat encephalopathy *Acid-base measurements on first blood gas after admission to the site NICU.
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ORIGINAL ARTICLES stage at presentation, and Apgar score at 5 minutes met significance criteria on bivariate analyses and were incorporated in the stepwise regression models. Only Sarnat stage of encephalopathy and Apgar score at 5 minutes remained consistently significant (P < .05) across models and were adjusted for in the final regression models.
MRI Patterns of Brain Injury
The distribution of MRI patterns of brain injury among the study cohort is shown in the Figure. Postrewarming brain MRIs were interpreted as normal in 37 of 62 infants (60%) with normal blood glucose values compared with 37 of 116 infants (32%) with an abnormal glucose profile (unadjusted P < .001; adjusted P = .02). Of the 151 infants with scored postrewarming MRIs, the distribution of distinct MRI patterns of brain injury differed among the glycemic groups (unadjusted P = .004; adjusted P = .03; Figure, A).
Twenty-seven infants (15.2%) died before the brain MRI. Of these, 6 infants had normal blood glucose values, 3 developed hypoglycemia only, 12 developed hyperglycemia only, and 6 had episodes of both hypoglycemia and hyperglycemia within first 24 hours (P = .30). Including the infants who died before MRI, the distribution of distinct MRI patterns of brain injury differed among the glycemic groups (unadjusted P = .009), but not after adjusting for covariates (P = .09) (Figure, B) .
Infants with hypoglycemia had a higher adjusted odds of watershed or focal-multifocal strokes compared with infants with normal blood glucose values (aOR, 6.0; 95% CI, 1.5-24.2; Table III ). Infants with hyperglycemia had higher odds (unadjusted OR, 3.3; 95% CI, 1.2-8.9) of basal ganglia predominant or global injury compared with normoglycemic infants, but this relationship was not statistically significant after adjusting for covariates (aOR, 1.9; 95% CI, 0.6-5.6). Infants with labile glucose had higher adjusted odds of watershed or 
Discussion
We report that early postnatal glycemic profiles are associated with distinct patterns of injury on brain MRI in infants with moderate-to-severe HIE who received therapeutic hypothermia. Infants with normal blood glucose values with HIE had the least severe multiorgan failure and brain injury on MRI.
Infants with hypoglycemia had a predominant pattern of injury involving watershed regions and focal/multifocal strokes. Infants with hyperglycemia had a higher likelihood of a predominant basal ganglia or global pattern of injury compared with infants with normal blood glucose values, but not after adjusting for covariates. Infants with labile glucose had higher odds of both patterns of injury compared with infants with normal blood glucose values. These findings support the hypothesis that early postnatal glycemic profiles may help to identify distinct phenotypes and potentially provide early insight into the underlying pathophysiology of these HIE phenotypes. Prior studies evaluating MRI injury patterns or glycemic profiles in infants with HIE have involved cohorts that were heterogeneous or were reported in the precooling era. A strength of our study is the inclusion of a well-defined cohort of infants, all of whom received therapeutic hypothermia for HIE at a single center. We acknowledge the limitations of attempting to reconcile our study with previous reports, but we notice a consistent finding that infants with HIE who remain normoglycemic had the least MRI evidence of brain injury and the least multiorgan failure compared with infants who develop early glucose derangements. 7, 11, 19 A prior study reported that infants with hypoglycemia and HIE had higher rates of prenatal risk factors such as chorioamnionitis and chronic placental changes. 20 Our observation that infants with hypoglycemia have higher odds of watershed and focal-multifocal injuries is consistent with this finding, because these MRI patterns of injury have been classically attributed to prolonged and partial ischemic insults. This factor may explain the observed lack of therapeutic response to hypothermia among hypoglycemic infants, 11 because prolonged partial ischemia may represent the pathogenesis of brain injury beyond the therapeutic window of hypothermia.
We speculate that early postnatal hyperglycemia may result from decreased glucose use by the metabolically depressed neonatal brain after a hypoxic-ischemic insult in the setting of intact gluconeogenesis and stress hormone responses. In previous reports, infants with hyperglycemia were noted to have the highest rate of sentinel delivery complications and emergency cesarean deliveries suggesting a brief period of fetal hypoxia-ischemia close to the time of birth and perhaps explaining their favorable response to hypothermia treatment. 11 Our observation of an unadjusted association between hyperglycemia and predominant basal ganglia injury is consistent with this notion, because basal ganglia injury has been suggested to be the hallmark of acute profound asphyxia. 14, [20] [21] [22] However, that the relationship between hyperglycemia and brain injury pattern was not significant in our adjusted analyses suggests that its effects may be intertwined with level of encephalopathy. In addition to this complexity, it should be noted that infants with hyperglycemia had a higher frequency of normal MRI compared with the hypoglycemic group (Figure) . Although predominant basal ganglia injury has been associated with worse neuromotor impairment compared with watershed predominant injuries, 14 the overall lower frequency of any MRI injury and perhaps better response to hypothermia among infants with hyperglycemia 11 may explain their better long-term outcomes compared with infants with hypoglycemia reported previously. 10, 22 The observed higher odds of both watershed or focalmultifocal injury as well as basal ganglia or global injury in infants with labile glucose may be multifactorial and further highlights the complex interplay between the initial insult, injury pathogenesis including response to treatment, and later neurodevelopmental outcome. We acknowledge that our attempt to identify distinct phenotypes of HIE based on a nonspecific laboratory value may be simplistic and imprecise. Nonetheless, our study suggests that the clinical value of assessing the early glycemic profile in HIE warrants further investigation. Identifying early, reliable methods to risk stratify infants with HIE has important therapeutic implications. Therapeutic hypothermia provided during the first 6 hours after birth mediates its neuroprotective effect by multiple mechanisms and adjuvant agents like erythropoietin, xenon, melatonin, and others, also have distinct neurotrophic, antiapoptotic, antiinflammatory, and antioxidant mechanisms attributed to their proposed neuroprotective role. 19, [23] [24] [25] It is likely that individualized treatment of infants with HIE with hypothermia plus specific adjuvant therapies directed toward a distinct underlying pathophysiology may improve outcomes further than with hypothermia alone. Our study findings indicate that the glycemic profile may be helpful in providing insight into HIE pathogenesis and that infants presenting with hypoglycemia during the first 24 hours of life may benefit from introduction of adjuvant therapies with a broader therapeutic window (eg, erythropoietin). Limitations pertaining to any post hoc analysis should be considered when interpreting our study findings. Because all infants were born at outside hospitals and transferred to our neonatal intensive care unit, glucose concentrations during the first few hours before admission may not have been available or accurately documented for some patients. Sampling bias is possible owing to multiple measurements in infants with risk factors for developing hypoglycemia, such as infants of diabetic mothers and those who were large or small for gestational age. These factors may have led to an underestimation or overestimation of the true incidence of glucose derangements. However, the study is strengthened by the standard definition for inclusion criteria, protocol for obtaining blood tests, laboratory analysis, and managing glucose infusion rates and insulin administration at a single center. Our primary outcome of brain injury pattern on MRI could not be assessed in infants who died before MRI. Although infants who died presumably had the most severe brain injury, whether they had global or the severe spectrum of either basal ganglia or watershed predominant injuries could not be ascertained. We secondarily analyzed the association of glycemic group with brain injury pattern including infants who died before MRI as a distinct category and found similar relationships, although our adjusted analyses were no longer significant. Our study lacks neurodevelopmental outcomes data because follow-up of these infants is ongoing. Keeping these limitations in mind, the hypotheses generated from our findings need to be verified with future prospective studies.
In this study, the early postnatal glycemic profile was associated with distinct patterns of brain injury on MRI. Infants with normal blood glucose values were most likely to have normal brain MRIs. Infants with hypoglycemia had a predominant watershed pattern of injury or focal-multifocal strokes on brain MRI. Future studies are needed to investigate whether early glycemic profiles can provide an opportunity to individualize neuroprotective treatment to optimize outcomes in infants with HIE. ■
